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Abstract 

Diesel  is  one  of  the  best  hydrogen  storage  systems,  because  of  its  very  high  hydrogen  volumetric  density  (100  kg  H2  m~2)  and  gravimetric  density 
(15%  H2).  In  this  study,  several  catalysts  were  selected  for  diesel  reforming.  Three  experimental  catalysts  (Pt  on  gadolinium-doped  ceria,  Rh  and 
Ru  on  the  same  support)  and  two  commercial  catalysts  (FCR-HC14  and  FCR-HC35,  Siid-Chemie,  Inc.)  were  used  to  reform  diesel.  The  effects  of 
operating  conditions,  such  as  temperature,  02/C16  and  H20/C16  on  autothermal  reforming  (ATR)  were  investigated.  In  addition,  by  analyzing  the 
concentrations  of  products  and  the  temperature  profiles  along  the  catalyst  bed,  we  studied  the  reaction  characteristics  for  a  better  understanding 
of  the  ATR  reaction.  The  fuel  delivery  and  heat  transfer  between  the  front  exothermic  part  and  the  rear  endothermic  part  of  the  catalyst  bed  were 
found  to  be  significant.  In  this  study,  the  characteristic  differences  between  a  surrogate  fuel  (C^F^)  and  commercial  grade  diesel  for  the  ATR 
were  also  examined. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

It  is  believed  that  fuel  cells  will  be  one  of  the  main  energy 
conversion  systems  of  the  future.  Fuel  cells  have  higher  energy 
conversion  efficiencies  and  lower  amounts  of  emission  gases 
than  internal  combustion  engines.  Hydrogen  can  be  converted 
at  a  very  high  electrochemical  efficiency  and  emits  only  water  as 
a  by-product.  However,  there  is,  at  present,  lack  of  a  hydrogen 
production  infrastructure.  There  are  two  main  ways  to  produce 
hydrogen:  one  is  by  the  electrolysis  of  water,  the  other  is  by 
reforming  of  fossil  fuels,  such  as  natural  gas,  gasoline  and  diesel. 
It  has  been  suggested  that  fuel  reforming  is  the  more  practical 
method  due  to  its  high-energy  efficiency.  In  this  study,  diesel  was 
chosen  as  a  fuel,  because  of  its  high  gravimetric  and  volumetric 
hydrogen  density  and  a  well-established  delivery  infrastructure. 
In  spite  of  these  advantages  of  diesel,  diesel  reforming  is  not 
preferred  because  there  are  several  problems  such  as  a  high 
coking  probability  [1-5],  sulfur  poisoning  [2, 3, 6-8],  an  ineffi¬ 
cient  mixing  of  diesel  with  other  reactants  [8]  and  hydrocarbon 
breakthroughs  [6,8]  at  high  gas  flows.  This  study  deals  with 
the  basic  reforming  characteristics,  such  as  the  effects  of  the 
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operating  conditions  and  the  temperature  profiles,  in  catalyst 
bed. 

Three  mechanisms  can  be  used  to  reform  hydrocarbons 
[1,6,9-11]:  steam  reforming  (SR),  partial  oxidation  (POX)  and 
autothermal  reforming  (ATR).  These  three  mechanisms  are  rep¬ 
resented  by  the  following  chemical  reactions,  using  an  assump¬ 
tion  of  CO2  formation  for  all  the  carbon  involved.  (Hexadecane 
(C16H34)  was  used  as  a  surrogate  of  diesel.) 

SR:  Ci6H34  +  32H20  ->  49H2  +  16C02;  A H=  2336 kJ 

POX:  Ci6H34  +  1602  — >  17H2  +  16C02;  AH  =  -5694kJ 

ATR  :  Ci6H34  +  16H20  +  802  ->  33H2  +  16C02; 

AH=  —  1739kJ 

Using  steam  reforming  to  produce  hydrogen  with  fuel  and  water 
is  a  very  mature  technology  used  to  make  syngas  (H2  +  CO) 
in  the  chemical  industry.  Steam  reforming  has  several  advan¬ 
tages,  such  as  a  high  hydrogen  concentration  (over  70%  on  a 
dry  basis)  and  long-term  stability  at  a  steady  state.  However, 
SR  requires  a  high  volume  reactor  due  to  its  characteristically 
intense  endothermic  reaction.  One  of  the  main  technical  issues 
for  a  SR  reactor  is  not  kinetics  but  heat  transfer.  An  SR  reactor 
should  be  designed  with  the  desired  heat  transfer.  It  is  difficult 
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to  start  a  SR  reactor  quickly,  and  the  reactor  has  a  slow  system 
response.  Consequently,  it  is  appropriate  only  for  large-scale 
plants. 

Unlike  typical  combustion,  the  POX  mechanism  uses  fuel  and 
oxygen  to  produce  hydrogen  by  utilizing  lower  stoichiometric 
oxygen.  It  is  easy  to  start  a  POX  reactor  quickly  due  to  the 
high  exothermicity  of  POX.  Therefore,  it  is  appropriate  for  small 
systems.  However,  the  concentration  of  the  hydrogen  produced 
using  POX  is  lower  than  that  of  using  SR.  In  addition,  the  high 
temperatures  associated  with  the  POX  process  create  difficulties 
with  regard  to  materials  selection.  Moreover,  the  high  possibility 
of  coke  formation  is  another  disadvantage  of  using  POX. 

The  ATR  mechanism  involves  a  combination  of  the  two  afore¬ 
mentioned  reactions.  The  total  heat  balance  in  an  ATR  can 
be  controlled  by  changing  the  degree  of  the  exothermic  and 
endothermic  reactions.  Thus,  the  ATR  requires  no  external  heat 
source  unlike  SR  and  the  reaction  temperature  can  be  kept  lower 
than  that  of  POX.  The  advantages  of  ATR  make  possible  simple 
and  small  reactors  with  relatively  high  efficiency.  Furthermore, 
the  presence  of  water  with  oxygen  to  reform  diesel  makes  the 
probability  of  coke  formation  low.  Oxygen  facilitates  a  fast  ATR 
reaction.  The  concentration  of  hydrogen  produced  by  the  ATR 
reaction  is  higher  than  that  of  POX. 

Nevertheless,  an  ATR  mechanism  is  not  straightforward,  and 
it  requires  sophisticated  operating  techniques  for  a  proper  com¬ 
bination  of  the  POX  and  SR  [12].  In  this  study,  we  used  the  ATR 
mechanism  to  reform  diesel  fuel.  This  study  was  concerned  with 
the  effects  of  operating  conditions  on  ATR  reaction  and  with  the 
analysis  of  reaction  characteristics  in  the  catalyst  bed. 

2.  Thermodynamics  of  ATR  for  diesel 

The  product  gas  compositions  of  ATR  for  diesel  can  be  ther¬ 
modynamically  calculated  as  functions  of  temperature  based  on 
the  principle  of  Gibbs  free  energy  minimization.  Hexadecane 
(C16H34)  was  used  as  a  surrogate  of  diesel  for  the  thermody¬ 
namic  estimation. 
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Fig.  1.  Thermodynamic  equilibrium  compositions  (C16H34,  O2/C  =  0.5, 
H20/C  =  1.25). 


Fig.  1  shows  that  the  highest  concentration  of  hydrogen  can 
be  obtained  at  about  750  °C.  At  that  temperature,  the  concentra¬ 
tions  of  H2,  CO  and  CO2  are  57%,  29%  and  13%,  respectively. 
The  H2  and  CO  increase  steadily  until  700  °C,  and  then  the  H2 
line  flattens;  however,  the  CO  continues  to  increase,  even  at  tem¬ 
peratures  higher  than  700  °C. 

A  generic  ATR  reaction  for  hydrocarbon  can  be  expressed 
as  follows  [9].  (It  is  assumed  that  products  contain  only  H2  and 
C02.) 

CnHmO  p  +  x(02  +  3.76N2)  +  (2  n  —  2* *  —  p)  H2O 

f  m\ 

=  nC O2  +  \2n  —  2x  —  p  +  —  j  H2  +  3.76*N2 

(x  :  O2  to  fuel  molar  ratio)  [9]  (1) 

In  Eq.  (1),  the  required  amount  of  reactant  water  changes 
depending  on  the  amount  of  O2.  As  “x”  decreases,  more  H2O  is 
required.  If  x  is  0,  ATR  is  equal  to  SR.  For  Eq.  (1)  the  heat  of  the 
reaction  can  be  described  by  Eq.  (2),  in  which  A Hr  represents 
the  heat  of  the  reaction,  as  follows: 

A Hv  =  n  A//f  co2  _  (2rc  —  2x  —  /?)A//f  H2o  -  A//f  fuei  [9] 

(2) 


If  C16H34  is  applied  as  a  fuel,  then  A Hv  at  298  K  can  be 
calculated  as  follows: 


A7/r  298  =  16( — 9405 1)  -  (32  -  2jc)(— 68318)  -  (-108871) 
=  790231  -  136636*  (0  <  *  <  16) 

(if*  =  *0  =  5.78,  AHr  =  0) 


In  the  above  equation,  *  represents  a  value  between  0  and  16. 
When  *  becomes  larger,  the  exothermicity  becomes  higher.  For 
a  case  in  which  *  is  larger  than  16,  water  is  produced.  When  *  is 
5.78  (*  =  *o),  the  heat  of  reaction  becomes  0.  The  efficiency  of 
a  fuel  reformer  can  be  defined  as  follows: 


Efficiency  (%)  = 


Lower  heating  value  of  hydrogen  produced 


Lower  heating  value  of  fuel  used 


In  Eq.  (3),  the  numerator  is  expressed  as  the  product  of  the 
hydrogen  yield  x  the  heat  of  combustion  of  hydrogen,  that  is 


2n  —  2*  —  p  + 


57.797  cal/mol  ofCnHmOp 


In  the  range  of  *  >  *0  (=5.78),  the  LHV  of  fuel  used  is  equal 
to  the  combustion  heat.  However,  in  the  endothermic  range  of 
*<*o,  additional  heat  is  needed  for  the  reaction.  Therefore,  in 
the  denominator  of  Eq.  (3),  the  fuels  used  comprise  the  fuel  to 
be  reformed  and  any  additional  fuel  needed  to  supply  heat  for 
an  endothermic  reaction. 

Fig.  2  shows  the  thermal  efficiency  of  the  fuel  reformer  in 
accordance  with  Eq.  (3).  As  *  increases,  H2  decreases  linearly.  In 

the  endothermic  region  of  *  <  *0,  additional  heat  for  an  endother¬ 
mic  reaction  is  required.  However,  in  the  exothermic  range  of 

*  >  *0,  the  LHV  of  fuel  is  parallel  to  the  x-axis,  because  there 
is  no  demand  for  additional  heat.  Efficiency  reaches  a  maxi¬ 
mum  of  91%  at  *  =  5.78.  For  practical  purposes,  however,  it  is 
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Fig.  2.  Thermal  efficiency  (from  [1]). 


better  to  make  ATR  a  slightly  exothermic  reaction  to  enable  a 
self-sustaining  operation.  It  is,  therefore,  appropriate  that  a  final 
O2/CI6  have  a  value  larger  than  xq  (=5.78)  [10]. 

The  stoichiometry  of  H2O  (=20.44)  is  calculated  simply  using 
Eq.  (1)  for  vo  =  5.78.  However,  when  the  amount  of  water  to  sup¬ 
ply  is  being  determined,  the  possibility  of  coke  formation  has 
to  be  considered  [6].  We  have  to  calculate  a  minimum  value 
of  H2O/CI6  that  will  inhibit  coke  formation.  Fig.  3  shows  the 
free  range  of  H2O/CI6  for  coke  formation  under  the  condition 
of  a  fixed  O2/CI6.  As  the  value  of  H2O/CI6  ratio  increase, 
the  minimum  temperature  necessary  to  inhibit  the  coke  forma¬ 
tion  decreases.  For  an  experiment  at  about  700  °C,  the  required 
value  of  H2 O/C 16  necessary  to  inhibit  coke  formation  is  approx¬ 
imately  5  as  seen  in  Fig.  3. 

3.  Experimental 

3.1.  Experimental  setup 

Hexadecane  (Sigma-Aldrich,  99%)  and  commercial  diesel 
(FG-Caltex  Oil)  were  used  as  fuels.  Air  and  vaporized  steam 
were  added  with  fuel  into  a  reactor.  Fuel  and  water  were  injected 
using  an  HPFC  pump  (MOFEH  Co.,  Ftd.),  while  air  was  injected 
and  controlled  using  a  mass  flow  controller  (MKS).  Ultra  Pure 
(15  MQ)  water  was  used.  An  external  heat  exchanger  to  vaporize 


Fig.  3.  H2O/C  effect  on  coke  formation  (C16H34,  O2/CI6  =  8). 


water  was  installed  and  the  vaporized  water  was  carried  by  N2. 
The  reactor  temperature  was  controlled  with  an  electric  furnace. 
Product  gases  were  analyzed  with  a  GC-MS  (Agilent  6890N) 
after  a  moisture  removal  procedure.  Fig.  4  illustrates  the  exper¬ 
imental  setup  schematically. 

3.2.  Reactor 


Two  k-type  thermocouples  were  installed  at  the  top  and  the 
bottom  of  the  catalyst  bed.  Three  noble  metal  catalysts  (Pt, 
Rh,  Ru)  on  doped  Ce02  were  selected  to  reform  diesel  using 
a  patented  method  for  catalyst  formulation  from  the  Argonne 
National  Faboratory,  U.S.A.  (abbreviated  as  NECS-1,  NECS-2 
andNECS-3,  respectively)  [13,14].  Fine  powders  of  the  catalysts 
were  prepared  using  a  combustion  method.  After  the  catalysts 
were  pressed  to  pellet  size,  they  were  crushed  into  granules  with 
regular  size  (250-710  pm).  To  estimate  the  performance  of  our 
catalysts,  we  compared  them  with  commercial  catalysts  (FCR- 
HC14  and  FCR-HC35,  Siid-Chemie). 


3.3.  Experimental  results  and  discussion 


3.3.1.  Effects  of  catalysts,  temperature,  O2/CI6 
(oxygen/carbons  ratio )  and  H2O/CI6  (steam/carbon  ratio ) 
Figs.  5  and  6  show  the  experimental  results  of  the  ATR  reac¬ 
tions  of  C16H34  with  the  three  experimental  catalysts  (NECS- 
1,  NECS-2  and  NECS-3)  and  the  two  commercial  catalysts 
(FCR-HC14  and  FCR-HC35).  In  the  experiment,  the  O2/CI6, 
H2O/CI6  and  gas  hourly  space  velocity  (GHSV)  were  8,  20 
and  5000  h- 1 ,  respectively  [  12] .  Fuel  conversion  percentage  was 
determined  using  the  following  equation  [15]: 


Fuel  reacted 

Fuel  conversion  (%)  =  -  x  100 

Fuel  used 


Theoretically,  the  fuel  conversion  is  determined  using  Eq.  (4).  In 
this  study,  however,  the  fuel  conversion  was  determined  using 
Eq.  (5),  due  to  several  practical  reasons,  such  as  limitation  of 
gas  analysis  and  the  removal  of  liquid  hydrocarbon  during  the 
water  condensation  process. 


Fuel  conversion  (%) 


The  total  number  of  carbonin  CO,  CO2  and  CH4  in  product 

Carbon  number  in  fuel  used 


x  100 


Fig.  5  shows  that  the  thermodynamic  maximum  concentration 
of  hydrogen  in  the  product  reaches  57%  at  800  °C.  The  H2  of 
NECS-1,  NECS-2,  NECS-3,  FCR-HC14  and  FCR-HC35  are 
56%,  55%,  49%,  52%  and  56%  at  800  °C,  respectively. 

The  absolute  concentration  ratios  of  respective  products  for 
1  mol  feed  of  C16H34  are  presented  in  Fig.  6.  The  figure  illus¬ 
trates  that  NECS-1  is  superior  to  the  other  catalysts.  Therefore, 
NECS-1  was  chosen  as  the  catalyst  used  for  further  study.  After 
selecting  a  catalyst,  the  effects  of  temperature,  oxygen  to  carbon 
ratio  (O2/CI6)  and  steam  to  carbon  ratio  (H2O/CI6)  on  product 
compositions  and  fuel  conversions  were  investigated. 

The  effect  of  temperature  on  the  product  composition  is 
shown  in  Fig.  7.  As  the  temperature  increases,  H2  and  CO 
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Diagram  of  fuel  reforming  system 


to  vent 


Fig.  4.  Schematic  experiment  design. 


simultaneously  increase.  At  850  °C,  the  composition  of  H2  is 
maximized.  This  is  a  higher  temperature  than  the  thermody¬ 
namically  calculated  750  °C  to  maximize  H2  production.  Poor 
fuel  conversion  was  observed  at  temperatures  lower  than  750  °C, 
as  seen  in  Fig.  7.  We  investigated  the  effects  of  O2/CI6  and 
H2O/CI6  on  the  product  compositions  in  more  detail  at  850  °C, 
where  the  maximum  of  H2  was  obtained.  Figs.  8  and  9  show  the 
effects  O2/CI6  and  H2O/CI6,  respectively. 

The  concentrations  of  H2  and  CO  decreased  at  higher  O2/C 1 6 
ratio  due  to  oxidation.  In  addition,  the  O2/CI6  ratio  greatly 
affects  the  reactor  temperature  due  to  higher  exothermicity 
and  subsequently  fuel  conversion  [6],  coke  formation  and  self¬ 
sustenance  of  a  reactor. 


Fig.  5.  Comparison  of  ATR  catalysts  at  various  temperatures:  H2  pro¬ 
duction  (mol%,  N2  and  H2O  free)  (C16H34  =  0.028  ml  min-1,  02/06  =  8, 
H20/C 16  =  20,  GHSV  =  5000  h-1 ). 


Fig.  6.  Comparison  of  ATR  catalysts  at  various  temperatures :H2  production 
(mol  mol- 1  Ci6H34)  (Ci6H34  =  0.028  ml  min-1,  02/C16  =  8,  H2O/C16  =  20, 
GHSV  =  5000  h_1). 


Conversion(%)  =  74.4  100.8  96.4  99.3  102.4 

Temp  (deg  C) 

Fig.  7.  Compositions  of  product  gases  as  a  function  of  tempera¬ 
ture  (Ci6H34  =  0.057  ml  min-1,  02/C16=12,  H2O/C16  =  20,  NECS-1, 

GHSV  =  5000  h). 
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Conversion(%)  =  95.5  97.3  99.5  97.8  103.3  102.2 
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Fig.  8.  O2/CI6  effect  on  product  gases  for  the  C16H34  ATR  reaction 
(Ci6H34  =  0.057  ml  min-1,  H2O/C16  =  20,  850°C,  NECS-1,  GHSV  =  5000  at 
02/C16=  12). 


unchanged  for  different  H2O/CI6  ratios.  A  H2O/CI6  ratio  of  16 
is  sufficient  to  reform  diesel.  When  a  higher  H2O/CI6  ratio  is 
applied,  the  extra  water  does  not  participate  in  the  SR  reaction 
but  participate  in  the  WGS  reaction.  To  confirm  this,  the  concen¬ 
trations  of  H2  and  CO2  after  the  WGS  reaction  were  estimated 
for  H2O/CI6  =16  and  28  as  presented  below. 

When  product  gases  are: 

xH2  +  yCO  +  zC02  +  wH20  (6) 

and  the  CO  is  reduced  by  as  much  as  Ay  by  the  WGS  reaction, 
then  the  following  reaction  may  occur: 

AyCO  +  AyH20  ->  yH2  +  AyC02  (7) 

(It  is  assumed  that  enough  H2O  is  supplied  to  enable  a  WGS 
reaction.) 

From  (6)  and  (7) 

(x  +  Ay)H2  +  (y  —  Ay)CO  +  (z  +  Ay)C02  +  (w  -  Ay)H20 


Therefore,  a  proper  value  of  O2/CI6  has  to  be  determined  by 
considering  not  only  the  H2  concentration  but  also  other  factors, 
such  as  fuel  conversion  and  coke  formation.  For  thermal  effi¬ 
ciency  C>2/C16  =  5.78  (at  the  heat  of  reaction,  A//r  =  0)  would 
be  preferable.  However,  a  higher  value  of  O2/CI6  than  5.78  is 
necessary  for  practical  reasons,  such  as  the  self-sustenance  of  a 
reactor  [8]. 

Fig.  9  shows  the  H2O/CI6  effects  on  the  ATR  reaction  at  a 
fixed  O2/CI6  ratio.  As  H2O/CI6  ratio  increases,  the  concentra¬ 
tions  of  H2  and  CO2  increase,  while  that  of  CO  decreases.  These 
results  were  caused  by  the  water  gas  shift  (WGS)  reaction  of  CO 
oxidation  by  H2O. 

CO  +  H2O  — >  H2  +  CO2:  water  gas  shift  reaction 

When  H2O/CI6  ratio  increases,  it  can  be  predicted  that  H2 
production  will  increase  and  that  the  temperature  of  the  catalyst 
bed  will  decrease  due  to  the  endothermicity  of  the  SR  reaction 
[10].  However,  this  phenomenon  was  not  observed  in  the  experi¬ 
ment.  The  measured  temperatures  of  the  catalyst  bed  were  nearly 


H20/C16 

Fig.  9.  H20/C16  effect  on  product  gases  for  the  C16H34  ATR  reaction 
(Ci6H34  =  0.057  ml  min-1,  02/C16=12,  850°C,  NECS-1,  GHSV^OOOh-1 
at  H2O/C16  =  20). 


(on  the  dry  basis,  v  +  y  +  z  =  100) 


After  a  WGS  reaction,  H2  concentration  in  the  product  is 
described  as  follows: 

x  +  Ay  v  +  Ay 

(■ x  +  Ay)  +  (y  -  Ay)  +  (z  +  Ay)  x  +  y  +  z  +  Ay 
x  +  Ay 

=  - —  (8) 

100  +  Ay 

The  CO2  concentration  can  be  written  in  manner  similar  to  that 
of  H2 


z  +  Ay 
100  +  Ay 


The  experimental  results  show  that  x,  y  and  z  are  56.7,  31.8  and 
11.4,  respectively,  at  H20/C16=  16.  The  CO  is  reduced  by  as 
much  as  8.2  when  the  H2O/CI6  ratio  changes  from  16  to  28 
(therefore,  Ay  =  8.2).  From  (8)  and  (9): 

56.7  +  8.2 

H2  after  WGS  reaction  = - =  59.98 

100  +  8.2 


11.4  +  8.2 

CO2  after  WGS  reaction  = - =  18.1 

100  +  8.2 

The  calculated  values  of  H2  and  CO2  are  in  good  agreement 
with  the  experimental  data  as  summarized  in  Table  1 . 

Consequently,  it  is  reasonable  to  consider  that  the  WGS 
occurs  when  additional  water  is  provided.  The  proper  range  of 
H2O/CI6  ratio  for  an  ATR  reaction  can  be  determined  in  accor¬ 
dance  with  several  considerations  such  as  product  composition, 
thermodynamic  coke  formation  zone.  A  minimum  value  has  to 


Table  1 

Product  comparison  (mol%) 


H20/C16 

h2 

CO 

co2 

16  (Experiment) 

56.7 

31.8 

11.4 

28  (Experiment) 

59.7 

23.6 

16.6 

28  (Calculated) 

59.98 

23.6 

18.11 
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be  determined  to  inhibit  coke  formation.  In  Fig.  3,  we  already 
know  that  thermodynamically,  a  value  of  H2  O/C 16  needs  about 
5  at  700  °C.  To  determine  the  maximum  value  of  H2O/CI6,  we 
need  to  calculate  the  amount  of  stoichiometric  water  necessary 
to  reform  fuel  into  H2  and  CO2  at  a  fixed  O2/C.  If  we  use  more 
water  than  stoichiometric  demand,  then  additional  water  is  uti¬ 
lized  in  the  WGS  reaction  as  in  the  aforementioned  experiment. 
According  to  Eq.  (1),  an  H2O/CI6  value  for  which  C16H34  is 
totally  converted  to  H2  and  CO2  can  be  determined  with  a  given 
O2/CI6  (=8,  determined  experimentally).  Therefore,  in  terms  of 
stoichiometry  for  an  ATR  reaction,  H20/C16  =  16  is  sufficient. 
However,  a  higher  amount  of  H2O  was  selected  in  this  study  for 
pragmatic  reasons,  such  as  the  suppression  of  coke  formation. 
In  future  studies,  we  are  going  to  investigate  the  relationship  of 
H2O/CI6  ratio  and  coke  formation  experimentally.  Ultimately, 
we  chose  H2O/C16  =  20,  which  is  slightly  higher  than  the  sto¬ 
ichiometric  demand  at  02/06  =  8.  It  should  be  noted  that  a 
larger  water  supply  also  requires  more  heat  to  evaporate  the 
water  to  steam,  and  this  should  be  considered  during  system 
design  [8,10]. 

We  investigated  the  concentration  and  temperature  profiles 
along  the  catalyst  bed  for  a  better  understanding  of  an  ATR 
reaction.  The  upper  chart  in  Fig.  10  shows  the  product  concen¬ 
trations  (mol  mol-1  C16H34)  along  the  length  of  the  catalyst  bed. 
The  length  of  the  catalyst  bed  increased  with  increasing  catalyst 
loading  to  the  reactor  as  it  is  very  obvious.  To  remove  the  degra¬ 
dation  effect  of  the  catalyst,  fresh  catalysts  were  continuously 
loaded  to  the  reactor.  Product  gas  compositions  and  temperature 
at  the  top  and  the  bottom  of  the  reactor  were  also  monitored.  A 
different  experimental  setup  was  prepared  to  monitor  the  tem¬ 
perature  profile  at  the  reactor  by  using  multiple  thermocouples 
in  a  long  catalyst  bed  (=2  in.  long) 

The  middle  chart  in  Fig.  10  shows  the  temperatures  monitored 
in  the  catalyst  bed  using  multiple  thermocouples.  A  reactor  was 
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Fig.  10.  Concentration  and  temperature  profiles  along  the  catalyst  bed 
(Ci6H34  =  0.0567  ml  min-1,  02/C16=  12,  H2O/C16  =  20). 


operated  at  850  °C  using  an  electric  furnace,  with  02/06=  12 
and  H2O/CI6  =  20.  A  constant  flow  of  N2  was  supplied  to  eval¬ 
uate  effect  of  furnace  on  temperature  profile.  The  lower  part  of 
Fig.  10  provides  a  schematic  of  the  experimental  setup  (the  actual 
reactor  setup  had  a  vertical  configuration).  The  first  point  at 
v  =  0.25  in.  is  just  before  the  catalyst  bed.  This  is  a  non-catalytic 
zone,  where  the  thermal  cracking  of  hydrocarbons,  POX  and 
total  combustion  may  occur,  as  described  below  [1,2]. 

Thermal  cracking  :  C16H34  — >  CH4,  C2H6,  C2H4,  C3H8, 

C4H10,  C5H12,  C6H12  (cyclohexane),  C6H6  (benzene)  and 
CgHi8  (isooctane) 

POX  :  CnHm  +  n02  =  “H2  +  72CO2 


n  m 

CWH  m  +  ~02  =  -H2  +  nCO 


Total  combustion  :  CnHm  +  ( - 1-  n  )  02  =  —H20  +  nC 02 

\  d"  *  2 

The  analysis  result  shows  that  unreacted  hydrocarbons  are 
present  until  v=  1.25  and  diminish  negligibly  from  the  posi¬ 
tion  v=  1.5  as  seen  in  Fig.  10.  The  H2  and  CO  compositions 
are  also  in  good  agreement  with  existence  of  hydrocarbons  and 
saturates  from  the  position  v  =  1 .5.  Both  the  product  gas  compo¬ 
sitions  and  temperature  profiles  show  a  relatively  large  error  bar 
of  data  point.  Those  are  considered  to  be  due  to  the  non-uniform 
delivery  problem  of  the  fuel.  The  C16H34,  with  a  boiling  point 
of  287  °C,  is  difficult  to  vaporize.  In  addition,  the  fuel-transfer 
pump  usually  pulsates  at  a  low  flow  rate.  Even  though  the  aver¬ 
age  flow  rate  remains  constant,  a  momentary  flow  rate  pulsates 
continuously.  Moreover,  liquid  fuel  is  injected  directly  into  the 
reactor.  So  the  fuel  is  difficult  to  mix  H2O  and  O2  for  the  short 
time.  These  reasons  would  create  serious  variation  of  tempera¬ 
ture  and  concentrations.  This  fuel  delivery  problem  will  have  to 
be  solved  to  construct  efficient  ATR  reactor  for  diesel. 

Through  the  temperature  profile  measurement,  it  was  clearly 
shown  that  the  ATR  reactor  comprises  a  severe  exothermic 
reaction  at  the  front  of  catalyst  bed  followed  by  an  intense 
endothermic  reaction.  As  mentioned  in  the  above  thermody¬ 
namic  discussions,  ATR  is  a  combination  of  POX  and  SR.  In 
actuality,  however,  the  two  reactions  do  not  seem  to  occur  simul¬ 
taneously  due  to  different  rate  of  reaction  [6,8,10,16].  The  major 
portion  of  H2  is  produced  from  the  endothermic  reaction,  SR 
zone.  The  SR  is  activated  by  the  heat  from  the  POX  and  an 
electric  furnace.  For  practical  design  consideration,  a  furnace 
has  to  be  replaced  as  insulator.  Consequently,  only  the  thermal 
energy  from  the  POX  would  activate  the  SR,  with  no  external 
heat  source.  The  heat  transfer  between  the  POX  and  the  SR 
zones  will  be  a  key  engineering  issue  as  well  as  the  fuel  delivery 
problem. 

The  rear  part  of  catalyst  bed  has  smaller  temperature  varia¬ 
tions  than  that  of  the  front  part.  Especially  the  H2  composition 
starts  to  be  saturated  from  v  =  1 .5,  where  the  concentration  of  H2 
is  55%,  which  is  a  similar  value  to  that  obtained  during  screening 
process  of  the  catalysts. 
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Fig.  11.  GHSV  effect  on  product  gases  for  the  C16H34  ATR  reaction 
(Ci6H34  =  0.057-0.418  ml  min-1,  H2O/C16  =  20,  02/C16=  12,  850°C). 

The  resultant  product  gas  composition  for  various  positions 
of  the  reactor  was  confirmed  using  another  experimental  setup, 
which  changes  gas  hourly  space  velocity  (GHSV)  (h-1)  by 
changing  the  reactant  flow  rate  and  monitors  product  gas  com¬ 
positions  as  seen  in  Fig.  1 1 .  The  two  independently  determined 
experimental  results  showed  reasonably  good  agreement. 

3.3.2.  ATR  of  commercial  diesel 

Fig.  12  shows  the  results  of  the  surrogate  C16H34  and 
commercial  diesel  reforming  under  the  same  conditions.  The 
H2O/CI6  ratio  and  O2/CI6  ratio  are  20  and  8,  respectively.  The 
H2  concentration  of  the  commercial  diesel  is  much  lower  than 
that  of  the  surrogate.  For  the  surrogate,  the  H2  concentration 
was  maximized  at  750  °C;  in  contrast,  the  H2  concentration  of 
diesel  reached  a  maximum  at  800  °C.  The  maximum  concen¬ 
tration  of  H2  in  the  surrogate  and  the  diesel  are  59%  and  53%, 
respectively.  Unreacted  hydrocarbons  of  the  surrogate  nearly 
diminished  from  750  °C.  However,  the  product  of  commercial 
diesel  contains  an  average  of  3.2%  CH4  for  all  ranges  of  tem¬ 
peratures.  As  a  result,  the  ATR  performance  of  diesel  is  inferior 
to  the  surrogate  C16H34. 

Generally  diesel  comprises  numerous  components.  Particu¬ 
larly,  non-paraffins  in  diesel,  such  as  aromatics,  seem  to  make 
it  difficult  to  reform  diesel.  The  effects  of  components  on  diesel 


Fig.  12.  ATR  reaction  results  of  C16H34  and  diesel  at  various  temperatures 
(fuel  =  0.068  ml  min-1,  H20  =  0.084  ml  min-1,  air  =  217  ml  min-1,  NECS-1). 


ATR  reaction  are  currently  being  studied  and  will  be  reported  in 
the  near  future. 

4.  Conclusion 

A  Pt  catalyst  on  doped  cerium  oxide  showed  excellent  perfor¬ 
mance  compared  to  the  other  catalysts  in  our  study.  In  the  case 
of  surrogate  C16H34,  the  concentration  of  H2  was  maximized 
at  800  °C.  Fuel  conversion  was  nearly  100%  at  temperatures 
higher  than  750  °C.  In  terms  of  thermal  efficiency,  O2/CI6  =  5.78 
showed  the  best  result;  however,  in  an  actual  application,  O2/C 1 6 
values  of  slightly  higher  than  5.78  should  be  used  for  self¬ 
sustenance  of  an  ATR  reactor.  If  H2  O/C 16  values  of  higher  than 
16  are  used  with  a  fixed  O2/CI6  (=8),  the  additional  H2O  does 
not  participate  in  the  SR  reaction  but  participates  in  the  WGS 
reaction. 

Both  the  product  gas  compositions  and  temperature  profiles 
along  the  catalyst  bed  showed  a  relatively  large  error  bar  of  data 
point  due  to  a  non-uniform  fuel  delivery  problem.  Using  the 
temperature  profile,  it  was  clearly  shown  that  an  ATR  reactor 
comprises  a  severe  exothermic  reaction  at  the  front  of  catalyst 
bed  and  a  subsequent  intense  endothermic  reaction  in  the  rear  of 
catalyst  bed  due  to  different  kinetics  in  POX  and  SR.  The  major 
portion  of  H2  is  produced  from  the  endothermic  reaction,  the 
SR  zone.  Thermal  energy  from  the  POX  leads  the  SR  with  no 
external  heat  source.  Heat  transfer  between  the  POX  and  the  SR 
zone  will  be  a  key  engineering  issue  as  well  as  fuel  delivery. 

It  was  more  difficult  to  reform  diesel  than  surrogate  C16H34. 
This  seems  to  be  due  to  non-paraffins  in  diesel.  The  effects  of 
fuels  on  ATR  will  be  reported  in  the  future. 
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